The article deals with the field of use of acoustic emission (AE) measurement in engineering structures. The research particularly focuses on the assessment of acoustic emission during an experimental test of the load-carrying capacity of concrete slabs on the ground. A wider field of research includes structural and material optimization of advanced engineering structures. The tests of concrete slabs are then carried out in an alternate solution which differs in the used concrete or steel fibre reinforced concrete (FRC). The experimental program then includes typical measurement methods using displacement sensors and strain gauges. Nondestructive methods of measurement including acoustic emission have been used with an eye to the configuration of the experiment and deeper understanding of the actual behaviour and damage to the structure allowing for subsequent optimization and non-linear simulation of slab computation. The aim of the submitted article is to present and assess the acoustic emission as a non-destructive method which can be used to detect damage and determine the load-bearing capacity of the selected type of a FRC structure.
Introduction
The utilization of typical verification and design models for concrete structures is a logical and comfortable solution in a majority of cases. However, there are situations where this is not possible. These include cases of advanced and innovative designs or detailed analyses of non-linear structural behaviour. This field is also included in a research task consisting in the development of advanced analysis methods and design optimization of concrete slabs [1, 2] with small thickness for the cases of high load [3] . The research program also comprises an extensive experimental program including laboratory tests and on-site testing. The approaches to the analysis and design of concrete structures using advanced numerical modelling are dealt with in the Model Code 2010 [4] recommendation which has been issued by the international organization CEB-FIB. There can be found the basic approaches to non-linear models of concrete. These namely include elastic-plastic [5] , fracture mechanic [6] modified compression field theory for reinforced concrete [7] or combined [8] 
models.
The research itself then consists of an experimental program and measurement [3] and advanced computer modelling. The modelling is based on the use of a nonlinear analysis in combination with finite element method (FEM). The slab design optimization is then based on structural and material solutions using FRC (fibre reinforced concrete). For the use of FRC a detailed determination of the input mechanical and physical parameters in the wide scope and detailed knowledge of the behaviour during the application of load is required.
It is necessary to keep an eye to the fact that composites have different material properties based on the means of their stressing (tension, compression and shear) and that their deformation properties are of non-linear character. This fact must be properly taken into account in advanced analyses using non-linear behaviour. Classic beams from Bresler and Vecchio [9] for example, can serve as a good example of well-known and well-documented non-linear analyses and experiments. The analyses are then extended to include advanced three-dimensional non-linear models in [10] .
Another important piece of knowledge regarding the behaviour of concrete slabs on the ground includes the information on the occurrence and spreading of cracks when the configuration of the experiment and the fact that the cracks occur in contact with the ground do not allow classic approach. On the other hand, the knowledge of occurrence and spreading of cracks is important for the validation of advanced computer simulations respecting non-linear behaviour.
However, the use of acoustic emission [11] [12] [13] presents itself as a method fit to gain a deeper understanding and achieve better identification of material disruption as it was used for concrete in selected cases [14] and [15] . The utilization of AE can also be important as a control element for the optimization of technologies [16] . Moreover, it is possible to use the AE for detailed and advanced monitoring [17] and analysis of engineering structures [18] or for new composites [19] . However, a wide field remains open for the new means of utilization of acoustic emissions with regards to the already performed research. The submitted article deals with one of these possibilities for concrete structures.
Research significance
The aim of the article is to assess the usability of acoustic emission measurement in experimental tests of concrete slabs on the subsoil for subsequent structural and material optimization using non-linear analysis and computer simulations. The main aims of acoustic emission measurement include identification of load application cycle in which initial cracks occur in the concrete and subsequent intensity of crack spreading in the concrete after reaching the threshold carrying capacity of the slabs. The research targets also include a definition of the amount of the released acoustic emission with regards to the various material composition of concrete which differs depending on the number of fibres. The performed measurements are also subsequently assessed with regards to the already performed numerical simulations and other measurements.
Acoustic emission method
The acoustic emission (AE) ranks among state-of-the-art methods for material engineering and stress applications [20] . AE can originate in many phenomena depending on the type of material. In metals, the acoustic emission sources may include dislocation movements, cracks, fractures and also corrosion processes. In concrete, these can cause microscopic and macroscopic damage as well as tear-off or movement of the reinforcing fibres. In FRC, the AE originate in matrix fracture, delamination, separation of the matrix from the fibres, fibre fracture and pulling out of fibres [21, 22] . Majority of acoustic emission sources are associated with damage. The detection and monitoring of emissions are normally used for the prediction of material failure. The acoustic emission method also used to be called stress wave emission. One of the basic parameters of acoustic emission is the change of ring down counting which can be considered/recorded:
where ΔK I is the change of the stress intensity, α and m constitute material constants. The cumulative number of ring down counting shows changes in the stress intensity on the material according to the integral equation:
One advantage of AE is that it is rather a global method which means that the technique follows a dimensional structure rather than a small local area [20] . As a result, the monitoring can be carried out in a short time and it is not work-demanding. However, this technology has a drawback -the AE depends on the gauge used. This means some discontinuities may not generate detectable acoustic emissions under certain types or levels of load. So far, the AE method had been used successfully in the monitoring of metals, composite materials, rocks and other materials. Compared to other non-destructive testing procedures the AE method monitors only active defects occurring inside the structure being monitored. The occurrence of active defects can be monitored particularly in concrete structures with regards to the fact that the initialization of cracks usually has no immediate and fundamental effect on the load capacity of the structure.
However, it may significantly influence the usable life of the structure due to the disruption of the concrete matrix structure. The defect can lead to the degradation of the material due to the environmental conditions, namely the surrounding earth in the case of concrete slabs. The failures may occur only when applying a load of the monitored structure. Passive defects or shape of the structure have no significant influence on the AE location. The acoustic emission occurs in the AE source only when energy is released due to internal or external stimulation [21, 23] and [24] .
The AE event is emitted by non-recurring dislocation and degradation processes in the microstructure and macrostructure of the material. The released energy is transformed into a mechanical tension impulse travelling through the material as an elastic longitudinal or transversal wave. As soon as the wave hits the surface of the material, it partly bounces and is partly transformed into one or multiple modes. In slab structures, the wave travels namely through Rayleigh, i.e. surface wave. Besides the surface wave, there is also a transformation into e.g. Lamb, i.e. a plate wave. Each of these waves then spreads with different speed. The signal detected with the AE sensor and transferred into an electric signal is called AE signal [21] .
The AE method differs from the majority of other non-destructive methods in two main things. Firstly, the signals occur in the material itself and do not come from an external source. This is in contrast to other non-destructive methods, such as ultrasound, which study the response to the signal introduced into the sample [25] . Secondly, AE detects the newly occurring defects whereas a majority of the methods detects the existing geometric discrepancies [24] .
Optimized design and analysis of concrete slabs
Among the most important associations for concrete and construction materials are FIB (International Federation for Structural Concrete) and RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures) [26] , which issued a number of important recommendations [4] . FRC is very often used in the design of constructionally and materially optimized concrete structures. However, FRC itself has a range of varieties differing in material and shape of the fibres [27] [28] [29] .
Another important aspect is a detailed knowledge of material properties from laboratory tests, like residual tensile strength [30] [31] [32] [33] [34] [35] , which can be determined according to [32, 34] . Extra sensitive information concerning material properties namely includes fibre concrete strength in a single axis tension, fracture energy or stress-strain diagram. The definition of these properties is dealt with by many authors [36] [37] [38] [39] [40] [41] whereas their testing is very demanding. There is often a dispersion in the measured data when the more detailed information for selected materials can be found in [42, 43] . This subsequently complicates the creation of advanced material models for numerical simulations of the actual behaviour.
These include a case of non-linear analysis and a finite element method where a detailed calculation model and a more comprehensive description of the actual behaviour of the material [44] are required. Fracture mechanics [45] is then used for the description of concrete. Questions of mutual comparison or validation of calculations with experiments also often occur. It is particularly difficult to note the formation and spreading of cracks in cases such as a slab on the subsoil.
For the relevant research program, the total of 8 alternatives of laboratory tests altogether had been selected for the FRC used. These allowed sufficient description of the behaviour of FRC for the subsequently selected model of concrete. Details concerning the laboratory tests and results are summarized in [3] . C25/30 XC2 S3 had been selected as the initial matrix for the composite in conformity with classification [4] . Detailed properties were then summarized in Table 1 . The maximum grain size in the concrete mixture was 16 mm and the water-cement ratio was 0.6. Portland cement 42.5 MPa was used for the concrete. The concrete also contained Stacheplast plasticizer. The basic material properties are shown in Table 2 and the shape of the fibre in Fig. 1 . The concrete was produced in the concrete plant and imported in the truck concrete mixer (Fig. 2) . The laboratory tests were fluently followed by an on-site experimental program for concrete slabs (Fig. 3) and advanced numerical modelling considering the non-linear beha-viour of the selected FRC. Three experiments were carried out altogether with acoustic emission measurement.
These differed only in the concrete composite used. The initial variant contained plain concrete only. The other slabs used in the acoustic emission measurement contained 25 and 50 kg of fibres.
The non-linear analysis was based on the approaches stated in Model Code 2010 [4] . Particularly, a three-dimensional computer model of a concrete slab on the ground was selected and the structural model of concrete was based on fracture-plastic theory and ATENA program [46] . The 3D Non-Linear Cementitious 2 [8] variant of the concrete model was used. The on-site experimental program was based on the solved construction task and the potential of testing devices. The basic dimensions of the concrete slab on the ground were 2 × 2 m, which sufficiently represents the case being solved. The nominal thickness of the slab was 150 mm. The load spread area dimensions were 400 × 400 mm. The application of load on the slabs was performed in stages. One load application stage lasted 30 minutes had size 75 kN.
Displacement sensors have been used to measure vertical movement with regards to the possibilities of measurement and recording of tests. However, these do not allow the identification of the formation of cracks during the testing at the bottom surface of the slab which is in contact with the earth. It is only possible to perform an inspection of the disruption after the test (see Fig. 4 ). Due to this reason, it was decided to use acoustic emission measurement which included eight sensors altogether.
The view of the selected slab on the sensor is visible in Fig. 3 . The three-dimensional model for the analysis included all fundamental parts of the load application test, while the selected part of the slab model is in Fig. 5 . It was a concrete slab, steel loading slab and the subsoil. Further details are available in [3] . The scheme of slabs show in Fig. 6 . 
AE measurement description
Eight sensors were used for the recording of AE signals together with an integrated 35 dB pre-amplifier (type MTPA-15 see Fig. 7 ) attached to the surface of the sample with beeswax. The bees wax ensures a very good acoustic bond between the uneven surface of the concrete and the sensor. Another advantage of beeswax is quick glueing of the sensor to the surface. The DAKEL-XEDO © universal measuring and diagnostic system developed by ZD Rpety-Dakel was used for the processing and recording of AE signals. The XEDO-AE unit used for the assessment of acoustic emission parameters. When connected to an acoustic emission sensor it allows measurement of standard AE parameters, processing of emission occurrences together with their localization and direct digital sampling of emission signals with the speed of up to 8 MHz. The AE waveform basic parameters are illustrated in Fig. 8 Signals with amplitudes below the operator-defined, minimum threshold will not be recorded. Duration is the delay between the first and last threshold crossings and the energy is directly proportional to the area under the acoustic emission waveform [47] : The AE activity assessment can be carried out continuously or subsequently, following the experiment. Graphic visualizations of the history chronologically showing the states of the selected parameters during measurement are used for the assessment.
Often a physical quantity (time, loading force, temperature, etc.) represents an independent parameter and an acoustic emission parameter (number of emission overshoots, amplitude, etc.) serves as the dependent quantity. The total AE activity from the beginning is often displayed as a cumulative parameter value, see Fig. 9 .
Results and discussion
The basic measurement parameters during the experimental tests were the load/time diagram in Fig. 10 . The graph shows a well-visible peak and maximum load value. The peak load value is reached at the end of the loading cycle. Further is an interval of the experiment, where the deformation of the subsoil under the slab is increases and the load decreases to max. value.
From the measurement of acoustic emission at concrete slabs, it is possible to assess the signal of each sensor in the form of graphs in Fig. 11 which shows the dependency between the load and the acoustic emission. The black colour lines show concrete without fibres, blue lines are for concrete with 25 kg of fibres and green lines stand for concrete with 50 kg of fibres. However, it is beneficial for the summary assessment to use the graph in Fig. 12 which shows the number of overshoots depending on individual load application stages. The graph implies that at the initial slab of plain concrete (G01 -0 kg/m 3 ) there was a more notable AE activity during the application of load at the interval of 100-150 kN which was probably caused by the initiation of primary microcracks. At the following load application stages (175-275 kN) the AE activity is lower, probably due to the fact that very few new cracks occur and there is rather an extension and propagation of the current network of cracks from the bottom surface to the top one. During the load application stage with the applied load of 300 kN, there is always a notable AE activity followed by the overall destruction of the slab.
To illustrate the course of acoustic emissions at individual sensors during the load test, the results are also processed in a three-dimensional graph in Fig. 13 . The graph clearly implies higher acoustic emission upon the primary initialization of cracks and threshold carrying capacity of the concrete slab. Namely higher acoustic emission is then recorded at sensors 3, 4 and 8 upon the occurrence of the first cracks and sensors 3, 7 and 8 upon reaching the threshold carrying capacity. Notable cracks were then discovered in the areas where the sensors had been placed on the concrete slab.
The last recorded AE stage for the given concrete slab is 325 kN. The graph for the concrete slab (G02 -25 kg/m 3 ) with 25 kg of fibres (Fig. 12) clearly implies that there was a notable AE activity at the third load application stage (200-225 kN) when the first (visually imperceivable) damage of the material matrix probably occurred. In the following stages (300, 375, 450 kN), the AE activity was lower again which had probably been caused by the spreading of cracks and continuous drawing of the fibre out of the matrix. The AE activity was at its peak at the application of a load of about 525 kN which was caused by the total and irreversible failure of the structure. Just like with the plain concrete slab, the last recorded stage (600 kN) was nearly useless from the AE point of view. The acoustic emission results for individual sensors are displayed in Fig. 14 . It is obvious that the intensity of acoustic emission is different for individual sensors and loading steps.
As for the concrete slab (G03 -50 kg/m 3 ) with 50 kg of fibres, it has to be noted at the beginning that no total destruction of the slab occurred. The recorded AE activity is therefore notably lower than that measured in the G02 (25) G03 (50) case of the previous slabs for the whole time of the test. The first very small but recognizable acoustic emission can be detected with loads ranging between 150 and 250 kN. With regards to the size and intensity of the acoustic emission this probably represents only minimum localization of the failure of the fibre concrete matrix. A more notable AE activity occurred only when the 600 kN load had been applied; It was also caused by cracks, considering the scope of damage to the structure. However, it can be assumed that the course of AE emission activity would be similar to that of slab G02 -25 kg/m 3 , although the loading forces would have to be higher. 15 The cumulative number of overshoots depending on individual load application stages Fig. 16 The EDS_20V_E strain gages used for the measurement, a damaged strain gage after the completion of measurement
In the graph (Fig. 15) , the trend of increasing number of overshoots in individual loading steps for individual slabs is visible. The steeper parts of the cumulative curves characterize the formation of new microcracks. It is also visible that after a steep growth at plain concrete (G01 -0 kg/m 3 ) the AE activity is reduced. In comparison, the AE activity at slabs reinforced with fibres (G02 -25 kg/m 3 and G03 -50 kg/m 3 ) is continuous which is probably caused by the fibres being pulled out of the matrix after its failure. A summary of the results from the acoustic emission measurements and advanced numerical computations with the nonlinear analysis is given in Table 3 . The table shows the results of measuring peak and maximum load capacity of concrete slab. Results from already performed numerical calculations are also presented. The most important part of the table shows the load for the first significant acoustic emission (first cracking in concrete) and the main acoustic emission (maximum load capacity).
Strain gage measurements -strain gauges
In order to verify the behaviour and define the deformation in experimental tests of engineering structures, strain gauges are also used and were used also in the tests carried out with the selected slabs. Particularly, these were slabs with fibres G02 (S01) and G03 (S02). Resistance or string strain gages are used most frequently for the measurement of concrete structures. With the eye on the configuration of the experiment, the strain gage measurement was carried out using string strain gages, type EDS_20V_E, Fig. 16 located at the bottom surface of the slab, the area location is visible in Fig. 17 .
The principle of measurement with wire strain gages is based on the measuring of the frequency of the wire which changes depending on the strain. In the case of the used strain gage, the range of measurement is ±1500 m strain. Fig. 18 graphically shows the assessed tension in the G02 (S01) and G03 (S02) slabs during load application. The graph clearly shows a load application stage where there was a notable increase of tension and the occurrence of cracks in the concrete. With the G02 slab there was a notable increase of tension during the load application stage around 150 kN and with the G03 slab, the notable increase of tension appeared already at 75 kN in points T1 and T4 and during the second stage of load application with the load of about 150 kN for points T2 and T3. The difference in the measured values can be explained by the fact that the initial cracks were located on one side of the slab. Once the cracks appear, the strain gage measurements have no direct physical significance and they rather express equivalent tension in the crack in the structure. 
Conclusions
The performed acoustic emission measurements have proven the usability of the selected method with concrete slabs on the ground for the identification of crack occurrence during the load application test. It is especially suitable in cases when the cracks in the concrete cannot be visibly identified or noticed. Using acoustic emission measurement, it was possible to define at which stage of load application the first cracks started to appear at the bottom surface of the slab and also determine the acoustic emission upon reaching the peak carrying capacity of the slabs. This cannot be simply verified visually concerning the configuration of the experiment, even though it is very important for subsequent numerical modelling which takes the actual behaviour into consideration. It is further possible to see the gradual development of cracks from the bottom to the top via acoustic emission measurement. It has been proven that the size of acoustic emission also differed depending on the concrete used with the different dosage of fibres. The summary results from the acoustic emission have also significantly contributed to the validation of the already performed numerical modeling based on non-linear analyses whereas the acoustic emission contributed to better understanding of the gradual collapse of concrete slabs on the ground. The selected material and the means of disruption/ failure of the structure affects the intensity of the acoustic emission. In the case of less reinforced fibre concrete, the whole course of acoustic emission was recorded. At better reinforced concrete element there was a localization of cracks and termination of acoustic emission transmission at higher load intensities and more notable deformations. The variance between the performed experiments and subsequent numerical models can be attributed to the input influences whose nature has a stochastic character. Namely, in the case of the solved task and acoustic emission measurement, the assessment of results is influenced by the interaction between the concrete slab and the ground. Through comparing the assessment of the strain gauge measurement and acoustic emission it is can be stated that it is possible to determine the load interval in which the cracks appear at the bottom surface of the slab in contact with the subsoil.
• The conclusions of the measurement and the assessment of the acoustic emission can be further specified.
• It is possible to identify the occurrence of cracks in concrete and FRC using acoustic emission.
• The intensity of acoustic emission is different for concrete and FRC when the amount of reinforcement also influences the amount of acoustic emission -the number of overshoots.
• Areas with more notable disruption and occurrence of cracks can be localized by detailed analysis of individual results from the sensors.
• The use of acoustic emission is suitable namely in the cases when ordinary methods of monitoring disruption of engineering structures are not possible.
The selected type of concrete structure on the subsoil is a typical example.
• The intensity of acoustic emission intensity is influenced also by the type of disruption/failure of the structure.
• The acoustic emission results can significantly contribute to the validation of advanced numerical analyses which take into consideration the non-linear behaviour of the material. From the results of the measurements and tests, the effect of the fibers on the development of concrete cracks and the size of the AE parameters is well evident. There is a further research area for qualified evaluation of collapse mechanisms and the effect of different fibers dosage. This was not possible with regard to the scope of the realized experimental program. Further research will focus on a more detailed outlook of AE parameters.
